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This paper investigates plasmonic ampliﬁcation in two commonly used optical conﬁgurations for
ﬂuorescence readout of bioassays – epiﬂuorescence (EPF) and total internal reﬂection ﬂuorescence (TIRF).
The plasmonic ampliﬁcation in the EPF conﬁguration was implemented by using crossed gold diffraction
grating and Kretschmann geometry of attenuated total reﬂection method (ATR) was employed in the
TIRF conﬁguration. Identical assay, surface architecture for analyte capture, and optics for the excitation,
collection and detection of emitted ﬂuorescence light intensity were used in both TIRF and EPF conﬁg-
urations. Simulations predict that the crossed gold diffraction grating (EPF) can amplify the ﬂuorescence
signal by a factor of 102 by the combination of surface plasmon-enhanced excitation and directional
surface plasmon-coupled emission in the red part of spectrum. This factor is about order of magnitude
higher than that predicted for the Kretschmann geometry (TIRF) which only took advantage of the
surface plasmon-enhanced excitation. When applied for the readout of sandwich interleukin 6 (IL-6)
immunoassay, the plasmonically ampliﬁed EPF geometry designed for Alexa Fluor 647 labels offered
4-times higher ﬂuorescence signal intensity compared to TIRF. Interestingly, both geometries allowed
reaching the same detection limit of 0.4 pM despite of the difference in the ﬂuorescence signal en-
hancement. This is attributed to inherently lower background of ﬂuorescence signal for TIRF geometry
compared to that for EPF which compensates for the weaker ﬂuorescence signal enhancement. The
analysis of the inﬂammation biomarker IL-6 in serum at medically relevant concentrations and the
utilization of plasmonic ampliﬁcation for the ﬂuorescence measurement of kinetics of surface afﬁnity
reactions are demonstrated for both EPF and TIRF readout.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Fluorescence spectroscopy represents an established method
for detection of chemical and biological species and it supports a
wide range of optical readers for protein and oligonucleotide as-
says [1,2]. In order to advance the sensitivity of such assays and to
use them for rapid analysis of trace amounts of biomolecules, we
witnessed increasing research efforts in near-ﬁeld optics and
particularly plasmonics [3]. Plasmonics concerns the manipulating
of light at sub-wavelength scale by its coupling to surface plas-
mons (SPs) originating from collective oscillations of charge den-
sity at surface of metallic ﬁlms and metallic nanoparticles. Plas-
monic nanostructures have found their applications in ampliﬁca-
tion of signal in optical spectroscopy including surface enhanced
Raman spectroscopy (SERS), surface enhanced infrared spectro-
scopy (SEIRA), and plasmon-enhanced ﬂuorescence (PEF)B.V. This is an open access article u
k).spectroscopy [4–6]. In ﬂuorescence spectroscopy-based detection
of molecular analytes, a sandwich assay format with e.g. secondary
antibody labeled with a ﬂuorophore is typically used. These
ﬂuorophores are coupled with the conﬁned ﬁeld of SPs to increase
the excitation rate at their absorption wavelength and improve
extraction of ﬂuorescence light at their emission wavelength from
the sensor surface. In addition, the coupling with SPs mediates the
emitter radiation rate which can improve its quantum yield η
(particularly for ﬂuorophores with intrinsically low η). Due to the
strongly conﬁned ﬁeld proﬁle of SPs, the coupling occurs in close
vicinity to the sensor surface which allows selectively amplifying
the signal originating from the speciﬁc binding without increasing
background.
Up to now, numerous implementations of PEF that utilize the
excitation of SPs propagating along continuous metallic ﬁlms, as
well as localized SPs supported by metallic nanoparticles, were
pursued [7–9]. Either the attenuated total reﬂection (ATR) method
with Kretschmann conﬁguration or diffraction on periodically
corrugated metallic surface was employed for the coupling of
propagating SPs with far ﬁeld optical waves. Kretschmannnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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enhanced excitation and collection of ﬂuorescence light in the
beginning of nineties of the last century [10]. This approach was
later re-introduced and served for the combined SP-enhanced
ﬂuorescence with refractometric surface plasmon resonance (SPR)
sensing [11]. The directional SP-coupled emission was exploited
based on the reverse Kretschmann conﬁguration by using prism
elements [8] or concentric diffractive structures [12]. The
Kretschmann geometry allows for the implementation of plas-
monic ampliﬁcation into ﬂuorescence readers that resemble total
internal reﬂection ﬂuorescence (TIRF) conﬁguration. Diffraction
gratings offer an alternative means for the coupling of far ﬁeld
with SPs and can be used in epiﬂuorescence (EPF) devices. The
coupling with propagating SPs was demonstrated to amplify the
ﬂuorescence signal by a factor up to 102 with respect to conﬁg-
urations where the ﬂuorophores are present in homogenous en-
vironment and emit isotropically into the far ﬁeld [13,14].
This paper concerns the implementation of plasmonic ampli-
ﬁcation for in situ readout of ﬂuorescence assays. It describes TIRF
and EPF conﬁgurations for the detection of ﬂuorescence signal
through a microﬂuidic device which requires using low numerical
aperture lens optics for its collection. We compare the readout of a
realistic assay by using TIRF and EPF geometries that utilize the SP-
assisted excitation and extraction of emitted ﬂuorescence light. For
each readout conﬁguration key characteristics of the assay are
determined and improvements and limitations associated with the
coupling with SPs are discussed. As a target analyte cytokine in-
terleukin 6 (IL-6) is selected as it plays important role in regulating
inﬂammatory and immune responses and is aberrantly expressed
in diseases including cancer [15,16]. Therefore we witness a need
for the timely and accurate monitoring of this protein in clinical
research, disease diagnosis as well as in therapy. Enzyme-linked
immunosorbent assay (ELISA) is arguably a golden standard
method for the highly speciﬁc analysis of IL-6 at concentrations
below pg/mL [17]. Research is pursued in areas such as point-of-
care diagnostic sensors in order to simplify the IL-6 analysis which
currently requires laboratory conditions and can only be used by
trained personnel. In this ﬁeld, a range of techniques is in-
vestigated including electro- or electrochemical sensors [18,19] as
well as surface acoustic wave sensors or ﬂuorescence biosensors
[20–22].Fig. 1. Optical setup of used for assay with in situ plasmonically enhanced ﬂuor-
escence readout relying on (A) epiﬂuorescence geometry and (B) total internal
reﬂection ﬂuorescence.2. Materials and methods
2.1. Materials
Polydimethylsiloxane elastomer (PDMS) Sylgard 184 was ob-
tained from Dow Corning (USA) and the UV-curable polymer
Amonil MMS 10 was from AMO GmbH (Germany). The carboxylate
(SPT 0014A6) and PEG-dithiols (SPT 0013) were purchased from
SensoPath Technologies (USA). EDC [1-Ethyl-3-(3-dimethylami-
nopropyl) carbodiimide] and NHS (N-hydroxysuccinimide) were
obtained from Thermo Scientiﬁc (Germany). Ethanolamine (1 M in
water) was purchased from Sigma Aldrich (Austria) and adjusted
to pH 8.5 with HCl. 10 mM acetate buffer (ACT) with pH 4.0 was
prepared from sodium acetate and acetic acid and the pH was
adjusted by HCl and NaOH. The used antibody pair of puriﬁed
monoclonal rat anti-IL-6 (clone MQ2-13A5; product number 13-
7068) and biotinylated monoclonal rat anti-human IL-6 (clone
MQ2-39C3; product number 14-7069), as well as human IL-6
(product number 34-8069) were obtained from eBioscience
(Austria). A reference capture antibody against p53 from Sigma
Aldrich was used. Streptavidin Alexa Fluor 647 conjugate (product
number S32357; in average 3 ﬂuorophores per molecule) was
purchased from Life Technologies (USA). Phosphate buffered saline(PBS) and Tween 20 were obtained from Sigma Aldrich (Austria)
and biotin-free albumin fraction V was from Roth, Germany.
Standard serum samples with concentrations of human IL-6 of 8.4,
131 and 437 pg/mL were acquired from Randox (UK).
2.2. Sensor chip preparation
For plasmonically ampliﬁed measurements relying on TIRF
geometry, 2 nm thick chromium adhesion promoting layer and
45–50 nm thick gold ﬁlm were subsequently deposited on a glass
substrate by using vacuum thermal evaporation (HHV AUTO 306
from HHV LTD). For the EPF experiments, a 4 nm thick chromium
adhesion promoting layer and a 100 nm thick gold ﬁlm were
prepared by the same means on a substrate with periodically
corrugated surface. These substrates were structured by soft li-
thography as we described before [13]. Brieﬂy, a master crossed-
grating structure was fabricated by using laser interference litho-
graphy and transferred to a PDMS working stamp. This stamp was
used for the preparation of multiple replicas to an UV-curable
polymer Amonil MMS 10 that was spin-coated on a BK7 glass
substrate. The corrugation proﬁle h(x,y) of copied rectangular
crossed grating surface with deposited gold ﬁlm can be described
by using Cartesian coordinates (x and y axis are in the plane of the
substrate) as the function h(x,y)¼α(sin[(2π/Λ)x]þsin[(2π/Λ)y])þ
β(sin[(2π/Λ)x]þsin[(2π/Λ)y])2, where Λ is the period and α and β
are modulation amplitudes. α describes the linear and β the
nonlinear response of the UV sensitive photoresist used in inter-
ference lithography for master fabrication. The parameters of the
crossed grating proﬁle used further are Λ¼434 nm, α¼4 nm and
β¼2.5 nm as determined by atomic force microscopy (AFM). The
formula of the surface proﬁle allows for implementation of the
crossed grating geometry in the simulation method, as later
mentioned. It is worth of noting that corrugations with low values
of the non-linear parameter β exhibit weak Bragg scattering of
propagating SPs which simpliﬁes design of the grating for efﬁcient
ampliﬁcation of ﬂuorescence signal.
2.3. Optical setup
The used optical setup for TIRF and EPF readout of a sandwich
IL-6 immunoassay is presented in Fig. 1. Identical light-source,
sensor chip biointerface architecture, ﬂow cell, and a module for
S. Hageneder et al. / Talanta 156-157 (2016) 225–231 227collecting the ﬂuorescence light to a detector were used in both
conﬁgurations. In the TIRF geometry, a beam emitted from a HeNe
laser passed through a laser band-pass ﬁlter (FL632.8-10 from
Thorlabs), a polarizer, and a neutral density ﬁlter (1%). TM polar-
ized beam at the wavelength λex¼633 nm with the intensity of
1.5 mW was coupled to a 90° prism coupler made of LASFN9 glass.
To the prism base, a sensor chip with ﬂat surface coated by 45 nm
gold ﬁlm was optically matched by using immersion oil (from
Cargille Inc., USA). Against the surface of the sensor chip, a ﬂow-
cell was clamped in order to contain aqueous liquid samples. A
ﬂow cell with a volume of 1.5 mL was made from a thin PDMS
gasket and sealed by a transparent fused silica glass substrate. Into
the silica substrate, inlet and outlet ports were drilled and con-
nected by tubing (Tygon R3607, 0.13 mm) to a peristaltic pump.
The angle of incidence θ of the excitation beam hitting the gold
sensor surface was adjusted at the reﬂectivity minimum in order
to assure the resonant coupling to SPs at the interface with an
aqueous sample. The enhanced ﬁeld intensity of SPs excited ran-
domly oriented ﬂuorophore labels at the distance f from the gold
sensor surface. The emitted ﬂuorescence light at λem¼670 nmwas
collected by a module with a lens (focal length 50 mm and nu-
merical aperture of NA¼0.2, LB1471 from Thorlabs, UK) and pas-
sed through a set of ﬁlters consisting of a notch ﬁlter (XNF-632.8-
25.0M from CVI Melles Griot, Germany) that was used to block the
excitation wavelength λex and two bandpass ﬁlters (FB670-10 from
Thorlabs and 670FS10-25 from Andover Corporation Optical Filter)
with the transmission window centered at the λ¼670 nm and
spectral width of about 10 nm. The ﬂuorescence beamwas focused
at the input of a photomultiplier (H6240-01, Hamamatsu, Japan)
that was connected to a counter (53131A from Agilent, USA). The
output from the counter was recorded in counts per second (cps)
by using software Wasplas developed at the Max Planck Institute
for Polymer Research in Mainz (Germany). In the setup with EPF
readout, an excitation beam was reﬂected by a dichroic mirror
(XF2087 660DRLP from Omega Optical) towards the sensor chip
with clamped transparent ﬂow-cell on its top. By using neutral
density ﬁlters, the intensity of the excitation beam was set to be
the same as in the TIRF geometry. The gold sensor chip surface was
corrugated by a grating designed for the ﬁrst order diffraction
coupling of ﬂuorescence light to SPs by a normally incident beam
at λex. The dichroic mirror (XF2087 660DRLP from Omega Optical,
USA) was tilted by 45° where it is highly reﬂective at the wave-
length λex and transparent at the emission wavelength of λem
¼670 nm. The ﬂuorescence light emitted from the sensor surface
passed through the dichroic mirror and it was collected andFig. 2. (A) Biointerface architecture (identical for ﬂat and corrugated gold surfaces) wit
ﬂuorescence excitation and emission on a crossed grating surface with epiﬂuorescencedelivered to the identical detector and as in the TIRF geometry.
Before the lens, the ﬂuorescence beam travelled through a spatial
ﬁlter that blocked the partially reﬂected excitation beam at the
wavelength λex (blocking the light emitted to cone with polar
angle θo1°).
2.4. Surface modiﬁcation
The gold surface of ﬂat and corrugated sensor chips was
modiﬁed by a mixed thiol self-assembled monolayer (SAM). Im-
mediately after the deposition of the gold layer, the sensor chips
were immersed in a 1 mM solution of PEG and COOH-dithiols that
were dissolved in ethanol at 1:9 M ratio and incubated overnight
in order to form a SAM. Afterwards, the surface was copiously
rinsed with ethanol, dried with a stream of nitrogen, and stored
under argon atmosphere. Prior to an assay experiment, the sensor
chip was mounted to the EPF or TIRF optical setup and a ﬂow cell
was clamped on its top. The sensor chip surface was modiﬁed with
capture (anti-IL-6) or reference (anti-p53) antibodies in situ by
using amine coupling. Carboxyl groups on the surface were re-
acted with aqueous solution containing 21 mg/mL NHS and
75 mg/mL EDC for 15 min. Then the surface was rinsed by ACT
buffer with pH¼4 and the cAb dissolved in the same ACT buffer at
concentration of 50 mg/mL was ﬂowed over the surface for 20 min
until saturation was reached (observed in situ with surface plas-
mon resonance – SPR). Finally, unreacted active ester groups were
passivated by a 20 min ﬂow of 1 M ethanolamine, pH 8.5.
2.5. IL-6 sandwich immunoassay
All assay experiments were performed in PBS working buffer
with 0.05% Tween 20 and 1 mg/mL albumin fraction V. Samples for
calibration of the sensor were prepared by spiking working buffer
with puriﬁed IL-6 at concentrations 42 fM to 4.2 nM. Serum
samples were diluted 10-fold by working buffer. The used sand-
wich assay is illustrated in Fig. 2(A). Prior to the assay, the sensor
surface was rinsed with working buffer for 5 min in order to es-
tablish a baseline in the sensor response F. Then, the analyzed
sample was ﬂowed through the sensor for 10 min followed by
5 min rinsing with working buffer. Afterwards, biotinylated anti-
IL-6 antibody was ﬂowed at 1 mg/mL for 10 min. After subsequent
5 min rinsing with working buffer, Alexa Fluor 647 – labeled
streptavidin at concentration of 2 mg/mL was circulated though the
sensor for 10 min and its surface was rinsed with a working buffer
for additional 5 min. The sensor signal increase ΔF after theh a schematic of sandwich immunoassay for detection of IL-6. (B) Geometry of the
readout.
Fig. 3. A) Simulated electric ﬁeld intensity upon the resonant excitation of SPs on a
50 nm thick gold ﬁlm by Kretschmann geometry (green curve) used in TIRF geo-
metry. Comparison with the ﬁeld strength generated by diffraction coupling of
normally incident beam to SPs on optically thick gold layer that is corrugated (red
curve) and ﬂat (black curve) used in EPF geometry. The electric intensity was
normalized with that of the incident beam simulated for λex¼633 nm. B) Simulated
dependence of emission probability on the polar angle θ averaged over the azi-
muthal angle Φ for ATR geometry (green curve) and EPF geometry with corrugated
(red) and ﬂat metal surface (black). (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)
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and reagents were ﬂowed through the sensor at the ﬂow rate of
15 mL/min.
2.6. Simulations
Optical simulations were carried out to investigate the angular
distribution of emitted ﬂuorescence light mediated by SPs at the
gold surface. The out-coupling of SPs generated by ﬂuorescence
emission to optical waves propagating to the far ﬁeld occurs when
they are phase-matched along the metallic surface. In simulations,
the far ﬁeld emission was expressed as the intensity dependence
on azimuthal ϕ and polar θ angles deﬁned in Fig. 2(B). For the
Kretschmann geometry, plane waves propagating in the glass
prism are coupled to SPs when the following condition is fulﬁlled:
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the angle of incidence taken in the prism, nm is the refractive index
of gold, and ns is the refractive index of an aqueous sample. The
diffraction coupling to SPs by a light beam hitting the crossed gold
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where p and q are diffraction orders. The polar angle θ and the
azimuthal angle ϕ are assumed in air outside the ﬂow cell. The
simulation of the interaction of SPs with optical waves at λex and a
dipole emitting radiation at λem were pursued by using ﬁnite
difference time domain (FDTD) simulations implemented in the
package FDTD Solutions from Lumerical Solutions Inc. (Canada).
The ﬂuorescence enhancement EF can be evaluated from simula-
tion results by the following equation:
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where the brackets 〈 〉 indicate an averaging over different posi-
tions and orientations of the ﬂuorophore (represented in the si-
mulation by the absorption dipole μa⃗b and emission dipole μe⃗m).
→
E
and
→
E0 states for the simulated electric ﬁeld intensity in the pre-
sence and absence of the plasmonic structure. Similarly, η0 and η
are the emitter quantum yields with and without the metallic
surface. Collection efﬁciency that is mediated by surface plasmon-
coupled emission is described as CE and CE0 is the reference value.
The near ﬁeld distribution of electric ﬁeld intensity at the gold
surface |E|2 was normalized with that of the incident wave |E0|2. For
angular distribution of emitted light, a dipole emitter radiating at
λem was placed in vicinity to the gold surface. The surface plas-
mon-mediated angular distribution of emission intensity was
normalized with the total emitted intensity. Thus obtained emis-
sion probability F(θ,ϕ) was calculated for randomly oriented di-
pole at the distance from the gold surface of f¼20 nm and the CE
was obtained by its integration over polar and azimuthal angles
falling to the NA¼0.2. The distance f was estimated from the ty-
pical size of used molecules in the sandwich assay sketched in
Fig. 2(A). Obtained emission characteristics were averaged over
the unit cell area ΛΛ.3. Results and discussion
3.1. Simulations of plasmonic enhancement in TIRF and EPF
conﬁguration
In order to enhance the ﬂuorescence signal F that is associated
with molecular binding on the surface in heterogeneous assay,
ﬂuorophores that serve as labels can be exposed to the conﬁned
electromagnetic ﬁeld of SPs. This enhancement originates mainly
from two effects that are related to the interaction with SPs at
emission λem and excitation λex wavelengths of used ﬂuorophores.
First, the probing of the metallic sensor interface with resonantly
excited SPs at λex allows to increase the excitation rate of ﬂuor-
ophores that is (far from saturation) proportional to the SP-en-
hanced electric ﬁeld intensity |E/E0|2. Secondly, SPs travelling along
the metallic surface at λem provide an additional emission channel.
The emission via SPs in conjunction with directional surface
plasmon outcoupling allows to efﬁciently control angular dis-
tribution of emitted ﬂuorescence light F(θ,ϕ). By this means, the
fraction of emitted photons CE that is extracted from the surface
Fig. 4. Examples of the kinetics of ﬂuorescence signal F measured upon a series of
assays with buffer samples spiked by IL-6 at concentrations of
4.2102–4.2103 pM. The kinetics data were measured by TIRF conﬁguration
with Kretschmann geometry (green curve), EPF conﬁguration on a sensor chip with
crossed diffraction grating (red curve), and reference EPF conﬁguration on a ﬂat
gold substrate (black curve). (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
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on, the product of increased excitation rate at λex with the im-
proved efﬁciency of extraction of emitted photonics at λem is re-
ferred to as ﬂuorescence enhancement factor EF. Two optical
conﬁgurations were investigated by using an identical IL-6 assay,
biointerface architecture, and ﬂow cell geometry as depicted in
Fig. 1. In the ﬁrst conﬁguration, total internal reﬂection ﬂuores-
cence – TIRF – was used. The plasmonic ampliﬁcation was utilized
by the resonant excitation of SPs at λex which was implemented by
using Kretschmann conﬁguration of ATR method. The ﬂuorescence
signal emitted above the sensor chip through the transparent ﬂow
cell was detected. In the second epiﬂuorescence – EPF – approach
normally incident excitation beam at λex was resonantly coupled
to SPs by ﬁrst order diffraction on crossed grating [p¼ 71, q¼0 in
Eq. (2)]. The modulation proﬁle of the crossed grating (describedFig. 5. Comparison of calibration curves for IL-6 assays with ﬂuorescence readout
by using TIRF with Kretschmann geometry (green squares), EPF on a crossed gold
grating (red squares), and reference ﬂat gold surface (black squares). The measured
data were ﬁtted by logistic sigmoidal function (lines) and error bars show standard
deviation s. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)by using parameters α and β deﬁned above) was varied in simu-
lations to achieve an optimum coupling efﬁciency (manifesting
itself as a drop of reﬂectivity to zero at the resonance wavelength
tuned to λex), while keeping the full width half maximum (FWHM)
of the resonance as narrow as possible. The ﬂuorescence light that
was emitted via SPs at λem and subsequently out-coupled via the
ﬁrst order diffraction above the surface through attached ﬂow-cell
was detected.
Simulations presented in Fig. 3(A) compare the electric ﬁeld
intensity proﬁle at λex for the investigated conﬁgurations. Upon
the resonant excitation of SPs, the enhanced ﬁeld intensity peaks
at the gold interface and then exponentially decays into the ad-
jacent aqueous medium for both Kretschmann and diffraction-
based excitation. For the normally incident beam at a reference ﬂat
gold surface no plasmonic enhancement occurs and the proﬁle of
ﬁeld intensity oscillates due to the interference of the incident and
reﬂected beam. At the distance f¼20 nm, the ﬁeld reaches about |
E/E0|2¼1.36 for the reference structure. On the crossed diffraction
grating, the diffraction coupling of normally incident beam to SPs
provides the ﬁeld intensity enhancement of |E/E0|2¼45 at the
distance from the gold surface of f¼20 nm (averaged over the unit
cell ΛΛ). For the Kretschmann geometry, lower ﬁeld strength of
|E/E0|2¼21 is predicted at the same distance f. The reason is mainly
the tilted angle of incidence θi under which the SPs are resonantly
excited [for the simulated θi¼51.5° the intensity enhancement
roughly drops by a factor of cos(θi)¼0.62].
Fluorophores excited above the gold surface emit photons at
λem directly into to the far ﬁeld or via lossy waves that travel along
the interface [23]. For the distance of f¼20 nm, the majority of
photons emitted at λem 670 nm are trapped by SPs above the
gold surface. On the sensor chip that was developed for the EPF
readout, these SPs can be partially diffraction out-coupled by the
crossed grating structure into a directional beam propagating at
polar angles between θ¼0–12°, see Fig. 3(B). This shaping of the
emitted ﬂuorescence intensity proﬁle F(θ) translates to 6.1% of
emitted photons propagating into the numerical aperture NA¼0.2
of used optics. Contrary to that, on the optically thick ﬂat gold
surface the ﬂuorescence intensity emitted via SPs is lost and it
dissipates to heat due to the Ohmic losses. From the respective
angular distribution of emitted ﬂuorescence intensity F(θ) pre-
sented in Fig. 3(B) follows that only 1.4% of photons propagate toFig. 6. Plasmonically ampliﬁed assay of standard serum samples (diluted with 1:10
with working buffer) on a chip functionalized with speciﬁc anti-IL-6 antibodies
(dark gray columns) and reference anti-p53 antibodies (blue columns). The re-
sponse is compared to that for series of buffer samples spiked with IL-6. EPF
readout with a grating sensor chip was used. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
S. Hageneder et al. / Talanta 156-157 (2016) 225–231230the NA¼0.2. When the thickness of the ﬂat metal ﬁlm on a glass
substrate is decreased to 50 nm, the SPs generated at λem are back
coupled to waves travelling into the substrate by reverse
Kretschmann conﬁguration. However, such out-coupling does not
provide improved collection efﬁciency in the readout used in this
work (see Fig. 1(B)) as the ﬂuorescence is preferably re-emitted in
the opposite direction to the collecting optics. For this geometry,
only 0.82% of emitted photons can reach the detector when a lens
with NA¼0.2 is used.
In summary, the presented simulations predict that the plas-
monic ampliﬁcation based on the Kretschmann conﬁguration of-
fers moderate enhancement factor of EF¼7.4 as it only takes ad-
vantage of the SP-enhanced excitation rate at λex. Using crossed
grating structures for diffraction-coupling to SPs offers the means
to exploit both SP-enhanced excitation at λex and SP-coupled di-
rectional ﬂuorescence emission at λem. This translates to the
higher predicted enhancement factor of EF¼96 when compared to
EPF readout on a ﬂat metal ﬁlm. It should be noted that these
values were obtained by averaging of |E/E0|2CE for all possible
orientations of emitters as described in more detail in our previous
work [13,24]. Therefore, the predicted enhancement values differ
from a simple product of |E/E0|2 and CE calculated above.
3.2. Application to ﬂuorescence IL-6 immunoassay
The performance of TIRF and EPF sensors with plasmonic am-
pliﬁcation of ﬂuorescence signal was experimentally evaluated for
IL-6 sandwich immunoassay. Fig. 4 shows an example of the
ﬂuorescence intensity kinetics that was measured upon sequential
analysis of samples with IL-6 concentration of 0, 4.2102, 0.42,
4.2, 42, 4.2102 and 4.2103 pM (these samples were prepared
by spiking the working buffer with puriﬁed IL-6). As indicated in
the inset of Fig. 4, each sample was ﬂowed for 15 min in order to
capture the target analyte at the surface carrying speciﬁc cAb.
Then the surface was subsequently reacted with dAb-biotin con-
jugate and with streptavidin labeled with Alexa Fluor 647 dye (SA).
Fig. 4 shows that the ﬂuorescence signal F abruptly jumps after the
injecting of SA due to the excitation of ﬂuorophores in the bulk
solution. Then, the ﬂuorescence signal F gradually increases due to
the afﬁnity binding of SA until it reaches saturation. After a rinsing,
ﬂuorescence signal F rapidly drops down to a level that is higher
than that prior to the injecting of SA. This ﬂuorescence difference
ΔF is attributed to the speciﬁc binding of SA to the sandwich
formed at the surface by the afﬁnity interaction between cAb, IL-6,
and dAb. It is worth mentioning that the ﬂuorescence signal
change originating from the bulk was much stronger than the
responseΔF associated with the speciﬁc binding (EPF readout on a
ﬂat gold surface represented by black curve in Fig. 4) which
complicates real-time in situ observation of surface reactions.
Plasmonic ampliﬁcation based on the probing by conﬁned SP ﬁeld
allows increasing the surface ﬂuorescence intensity ΔF and makes
it substantially stronger than the background bulk signal. This
effect is apparent from data presented in Fig. 4 for EPF readout
geometry with crossed diffraction grating (red curve) as well as for
TIRF geometry exploiting Kretschmann conﬁguration (green
curve). For the concentration of target analyte of 4.2 nM, the in-
crease in the ﬂuorescence intensity ΔF measured by EPF on
crossed grating gold surface was about 17-fold higher than that
observed on a reference ﬂat surface. For the TIRF readout with
plasmonic ampliﬁcation, the ﬂuorescence signal was 4 times
higher than the reference measurement. Both these enhancement
factors are signiﬁcantly lower than those predicted by simulations.
The enhancement factor for crossed rating EPF is about 6-fold
smaller than the one predicted by simulations (EF¼96) and ex-
perimentally measured in our previous work [13]. For the TIRF
readout, the ﬂuorescence increase is about 1.8-times lower thanthe theory suggests. These deviations can be partially attributed to
the model that does not take into account additional effects re-
lated to e.g. roughness and to deviations of the prepared structures
from the optimum ones that were simulated. Particularly, possible
detuning of SPR resonance due to the functionalization of the
sensor surface with capture antibody cAb can lead to the varia-
tions from the optimum parameters.
The sensor response ΔF was measured in triplicate for each
concentration by using the plasmonically ampliﬁed EPF and TIRF
readout as well as for the reference geometry. As seen in Fig. 5,
calibration curves were established and there was determined the
background signal ΔF0 and standard deviation of the blank mea-
surement s that takes into account the dark current from photo-
multiplier, stray light intensity associated with the scattering of
the beam at the excitation wavelength, and unspeciﬁc sorption of
SA to the sensor surface. The average background signal of
ΔF0¼2.0103 cps was observed for the EPF readout with the
crossed gold grating. On a reference ﬂat gold surface, lower
background of ΔF0¼1.0103 cps was measured due to the lower
signal from unspeciﬁcally adsorbed molecules to the gold surface.
For the TIRF geometry, background signal of ΔF0¼0.8103 was
observed and it can be attributed to the fact that the excitation
beam travelled on the opposite side of the optics that was used for
collecting of ﬂuorescence light. The lowest standard deviation of
the background signal was s¼0.033103 cps for the TIRF con-
ﬁguration. On a ﬂat gold surface with EPF readout there was
measured s¼0.25103 and on the grating surface
s¼1.3103 cps. From the established calibration curves in Fig. 5,
the limit of detection (LOD) was determined as the concentration
where the ﬁtted sigmoidal function intersects with the value ΔF0
þ3s. Interestingly, the limit of detection for both plasmonically
ampliﬁed EPF and TIRF readout of IL-6 assay yields the same value
0.4 pM (for the reference ﬂat gold surface and EPF readout the LOD
was not determined due to the large error and weak ﬂuorescence
response). This result data illustrates that the advantage of higher
plasmonic enhancement of ﬂuorescence signal for the EPF geo-
metry is compensated by the lower background signal that was
observed for TIRF conﬁguration.
Finally, the EPF sensor with crossed grating was tested for the
analysis of standard serum samples with IL-6. In this experiment
two sets of crossed grating chips were prepared and functionalized
either with anti-IL-6 antibodies against the target analyte or with
a reference antibody against p53. On these sensor chips, IL-6 assay
was performed with standard serum samples at concentration of
0.35, 5.5, and 18 pM that were diluted 1:10 with a working buffer.
The assay was measured in triplicate for each sample and the
speciﬁc, as well as the control response, is showed in Fig. 6. For the
testing of serum samples, the sensor response ΔF was determined
as a difference between the ﬂuorescence signal before and after
incubation of the sensor surface with SA. The obtained results
reveal that for all analyzed samples there was possible distin-
guishing the response on the speciﬁc sensor chip from that on the
reference chip.4. Conclusions
The performance of sandwich immunoassay with plasmoni-
cally-ampliﬁed ﬂuorescence readout is compared for the readout
geometry utilizing epiﬂuorescence – EPF – and total internal re-
ﬂection ﬂuorescence – TIRF. It employs resonant excitation of
propagating surface plasmons by using crossed diffraction grating
and Kretschmann conﬁguration of attenuated total reﬂection
method. The probing of the assay on a continuous gold ﬁlm by
propagating surface plasmons improves the limit of detection by
selective enhancement of ﬂuorescence intensity emitted from the
S. Hageneder et al. / Talanta 156-157 (2016) 225–231 231close proximity to the surface. The TIRF geometry provides a
moderate enhancement of detected signal, however, offers the
advantage of low background. For an IL-6 assay both conﬁgura-
tions offered a limit of detection of 0.4 pM for 15 min reaction of a
sample with a surface comparable to other assays reported for
surface plasmon-enhanced ﬂuorescence with Kretschmann geo-
metry [25,26].
In addition, TIRF as well as EPF selectively increased the ﬂuor-
escence signal on the surface which enables measuring kinetics of
surface reaction by efﬁcient suppressing of background signal
originating from the bulk. The developed EPF sensor with plas-
monic ampliﬁcation utilizing crossed gratings sensor chip was
demonstrated for the analysis of serum samples with IL-6 con-
centrations below pM which can ﬁnd its applications in rapid
detection of this inﬂammation biomarker.
IL-6 levels in human serum can vary from sub-pM levels in
healthy individuals, elevated levels in e.g. cancer [27,28] to con-
centrations exceeding 50 pM upon sepsis [29,30]. The demon-
strated plasmonically ampliﬁed readout of ﬂuorescence sandwich
immunoassay would allow discriminating such cases based on the
analysis of serum. It should be mentioned that the limit of de-
tection of the presented instrument is still above that achieved by
ELISA method [31] and it would not be suitable for quantitative
discrimination of IL-6 concentrations in serum of healthy in-
dividuals. However, the presented implementations of plasmoni-
cally enhanced ﬂuorescence may offer substantially faster detec-
tion time (40 min compared to several hours) which can be further
shortened by using directly labeled detection antibodies. In addi-
tion, large binding capacity interface architectures [32] and prob-
ing with more conﬁned plasmonic modes [24] can be utilized in
order to reach stronger enhancement of the ﬂuorescence signal
and lower limit of detection.Acknowledgments
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